[1] Whole rock sulfur and oxygen isotope compositions of altered peridotites and gabbros from near the 15°20 0 N Fracture Zone on the Mid-Atlantic Ridge were analyzed to investigate hydrothermal alteration processes and test for a subsurface biosphere in oceanic basement. Three processes are identified. (1) Hightemperature hydrothermal alteration ($250-350°C) at Sites 1268 and 1271 is characterized by 18 O depletion (2.6-4.4%), elevated sulfide-S, and high d 34 S (up to $2 wt% and 4.4-10.8%). Fluids were derived from high-temperature (>350°C) reaction of seawater with gabbro at depth. These cores contain gabbroic rocks, suggesting that associated heat may influence serpentinization. (2) Low-temperature (<150°C) serpentinization at Sites 1272 and 1274 is characterized by elevated d
[1] Whole rock sulfur and oxygen isotope compositions of altered peridotites and gabbros from near the 15°20 0 N Fracture Zone on the Mid-Atlantic Ridge were analyzed to investigate hydrothermal alteration processes and test for a subsurface biosphere in oceanic basement. Three processes are identified. (1) Hightemperature hydrothermal alteration ($250-350°C) at Sites 1268 and 1271 is characterized by 18 O depletion (2.6-4.4%), elevated sulfide-S, and high d 34 S (up to $2 wt% and 4.4-10.8%). Fluids were derived from high-temperature (>350°C) reaction of seawater with gabbro at depth. These cores contain gabbroic rocks, suggesting that associated heat may influence serpentinization. (2) Low-temperature (<150°C) serpentinization at Sites 1272 and 1274 is characterized by elevated d
18 O (up to 8.1%), high sulfide-S (up to $3000 ppm), and negative d 34 S (to À32.1%) that reflect microbial reduction of seawater sulfate. These holes penetrate faults at depth, suggesting links between faulting and temperatures of serpentinization. (3) Late low-temperature oxidation of sulfide minerals caused loss of sulfur from rocks close to the seafloor. Sulfate at all sites contains a component of oxidized sulfide minerals. Low d
34
S of sulfate may result from kinetic isotope fractionation during oxidation or may indicate readily oxidized lowd 34 S sulfide derived from microbial sulfate reduction. Results show that peridotite alteration may be commonly affected by fluids ± heat derived from mafic intrusions and that microbial sulfate reduction is widespread in mantle exposed at the seafloor.
Introduction
[2] Mantle peridotites are commonly exposed in oceanic fracture zones and along low-angle faults related to tectonic extension and crustal thinning at slow-spreading mid-ocean ridges [e.g., Escartín et al., 2003; Mevel, 2003] . Approximately half of the global mid-ocean ridge system spreads at slow rates (<40 mm y À1 [Carbotte and Scheirer, 2004] ), so peridotites are an integral part of the upper oceanic crust, and seawater interaction with these rocks at various conditions is important for the evolution of the lithosphere. Different approaches are important for understanding serpentinization of oceanic peridotites [e.g., Moody, 1976; Douville et al., 2002; Seyfried, 2003, 2004; Bach et al., 2004a; Palandri and Reed, 2004; Seyfried et al., 2004; Barnes and Sharp, 2006; Paulick et al., 2006] . In particular, oxygen and sulfur isotope geochemistry have been shown to be especially useful for documenting temperatures and identifying microbial processes during serpentinization [e.g., Agrinier et al., 1995 Agrinier et al., , 1996 Fruh-Green et al., 1996; Shanks, 1998, 2003] . The mineralogy and chemistry of oceanic serpentinites and the physical and chemical processes attending serpentinization have been summarized in recent reviews [Mevel, 2003; Seyfried et al., 2004] , which document a wide range of serpentinization temperatures, from $500°C down to ambient seafloor conditions (near 0°C). The focus of this paper is on sulfur and oxygen isotopes, so results from sites where both oxygen and sulfur isotope studies have been carried out are briefly summarized below in order to illustrate the range of processes previously documented.
[3] Fluid circulation and serpentinization of oceanic peridotites at high temperatures is driven by heat supplied either by cooling of ultramafic lithosphere or by intrusion of mafic magma into peridotite. At Hess Deep, oxygen isotope data indicate that serpentinization of the upper mantle took place at temperatures of 275-375°C as seawater penetrated downward during rifting related to propagation of the Galapagos spreading center [Agrinier et al., 1995; Fruh-Green et al., 1996] . Here, low seawater-rock ratios resulted in strongly reducing conditions, formation of a low-sulfur secondary mineral assemblage, and little change in bulk rock S contents or isotope compositions [Alt and Shanks, 1998 ]. On the MAR (Mid-Atlantic Ridge), high-temperature ($360°C) black smokers at the Logatchev (at 14°45 0 N) and Rainbow (36°14 0 N) hydrothermal sites are located on peridotite and reflect reactions of seawater with peridotite at depth, although whether there is a magmatic heat contribution is unclear [Douville et al., 2002; Allen and Seyfried, 2003] . At the MARK area on the MAR, serpentinization of peridotites occurred via hydrothermal fluids derived from prior seawater interactions with gabbros at temperatures above $350°C, leading to highly elevated S contents and d 34 S values in the serpentinites (up to 1 wt% S, and d 34 S $7% [Alt and Shanks, 2003] ). Massive sulfide breccias sampled from ultramafic material on the Southwest Indian Ridge similarly may be derived from high temperature serpentinization reactions at depth, indicating significant mass transport of sulfur and metals associated with serpentinization [Bach et al., 2002] .
[4] Lower-temperature reactions associated with serpentinization can support microbial activity within the rocks and at sites of fluid venting [Alt and Shanks, 1998; Kelley et al., 2001 Kelley et al., , 2005 . At the Iberian margin, oxygen isotope data indicate that peridotites exposed by tectonic extension during opening of the Atlantic were serpentinized at relatively low temperatures ($0-150°C [Agrinier et al., 1996] ). Serpentinization reactions generated hydrogen, which supported microbial communities including sulfate reducers and methanogens, leading to addition of significant amounts of microbially generated sulfide (up to 0.4 wt% S, d 34 S down to À43%) to the rocks and to methane anomalies in pore waters of overlying sediments [Alt and Shanks, 1998 ]. These inferences from the geochemistry of serpentinites were later confirmed by discovery of low-temperature (50-90°C) vents in serpentinite at the off-axis Lost City hydrothermal site near the Mid-Atlantic Ridge (MAR) [Kelley et al., 2001 [Kelley et al., , 2005 . Here, low sulfate concentration and elevated hydrogen and methane contents of fluids, the presence of sulfate reducers and methanogens, and hydrogen isotope data for fluids all indicate relatively low-temperature (<200°C) serpentinization reactions and significant microbial activity Kelley et al., 2005; Proskurowski et al., 2006] .
[5] Peridotites and gabbros are exposed in the area around the 15°20 0 N Fracture Zone (FZ) on the MAR [Kelemen et al., 2004] , and the rocks were affected by a range of alteration processes [e.g., Bach et al., 2004a; Paulick et al., 2006] . In this paper we present bulk rock sulfur and oxygen isotope analyses along with S contents and opaque mineral petrography of serpentinized peridotites and hydrothermally altered gabbros cored from this area by the Ocean Drilling Program (ODP) . The objectives include a further understanding of hydrothermal processes affecting these peridotites, and how these processes vary from site to site. Understanding the variability of hydrothermal processes and the distribution of alteration effects is essential in order to ultimately quantify heat and mass transport in submarine hydrothermal systems. Of particular interest in this study is determining whether biotic activity as documented by microbial sulfate reduction during serpentinization has taken place, and how this may relate to other alteration processes, with the overarching goal of understanding the extent of the subsurface biosphere in oceanic lithosphere.
Geological Setting and Samples
[6] The area of the 15°20 0 N FZ on the MAR has been well-studied by geophysical, dredging, and submersible surveys [see Escartín et al., 2003; Kelemen et al., 2004] . Mantle peridotites and lower crustal gabbros are exposed on both flanks of the MAR to the north and south of the fracture zone. These oceanic core complexes formed by crustal thinning along long-lived low-angle detachment faults. Active hydrothermal venting is common in the area as indicated by strong methane and hydrogen anomalies in the water column [Bougault et al., 1993; Charlou et al., 1998 ], and by the presence of high-temperature hydrothermal vents within faulted serpentinite at the Logatchev site (Figure 1 ).
[7] Several sites were cored during ODP Leg 209, and these sites and the recovered rocks are described in detail by Kelemen et al. [2004] . Mantle peridotites from Leg 209 (Site 1274) are highly depleted, in terms of lacking residual clinopyroxene, olivine Mg# (up to 0.92) and spinel Cr# ($0.5), suggesting a high degree of partial melting (>20% [Seyler et al., 2007] ). Petrographic descriptions of serpentinization and discussion of hydrothermal and serpentinization processes are given by Bach et al. [2004a , and the whole rock geochemistry of altered peridotites is presented by Paulick et al. [2006] . The drill sites and samples for this study are briefly summarized below on the basis of these previous studies.
Site 1268
[8] Hole 1268A is located on the western rift valley wall, south of the 15°20 0 FZ (Figure 1 ). The hole penetrates 147.6 m into completely altered harzburgite and dunite, with local mylonitic shear zones, and highly altered late-magmatic dikes (Figure 2 ). The lower portion of the hole is dominated by pervasively altered gabbronorite bodies. Pyroxenes in the gabbronorites are replaced by talc and chlorite, and plagioclase by chlorite and quartz [Kelemen et al., 2004; Bach et al., 2004a] . Peridotites were altered in two general stages: initial serpentinization resulted in formation of serpentine + magnetite ± pyrite in the rocks, and a later stage of talc alteration resulted in replacement of serpentine by talc.
Site 1270
[9] Four shallow holes (18 -57 m deep) were drilled at Site 1270 on the eastern rift valley wall (Figure 1 ). Holes 1270C and D are adjacent to each other, whereas Holes 1270A and B lie $300 m and 500 m downslope to the west, respectively [Kelemen et al., 2004] . Holes 1270A, C, and D consist of harzburgite and dunite altered to serpentine + magnetite. Less serpentinized areas containing relict olivine and orthopyroxene, with orthopyroxene partly altered to talc and tremolite, provide evidence for high temperature (>350°C to 400°C) alteration [Bach et al., 2004a] . Hole 1270D also recovered local sheared and hydrothermally altered ODP sites 1268 ODP sites , 1270 ODP sites , 1271 ODP sites , 1272 ODP sites , 1274 ODP sites , and 1275 . The location of the Logatchev active hydrothermal site (triangle) is also shown. Bathymetry of Figure 1c from Fujiwara et al. [2003] . Bathymetry of Figure 1d from Lagabrielle et al. [1998] . (e) Profile along section marked in Figure 1c which includes ODP site 1275 located on the top of a megamullion structure (modified from Escartín et al. [2003] ). Sampling of the seafloor shows that this area is dominated by mafic and ultramafic plutonic rocks whereas volcanic terrains are located to the east and west of this elevated structure. Figure modified 
Site 1271
[10] Two holes were drilled at Site 1271, located on the inside corner high of the spreading segment south of the 15°20 0 FZ (Figure 1 ). Hole 1271A penetrates 44.8 m, recovering predominantly dunite that is completely altered to serpentine + magnetite, with local brucite (Figure 2 ). Some intervals exhibit effects of low-temperature seafloor alteration and oxidation (Fe-oxyhydroxides). Hole 1271B extends 103.6 m into a complex association of mafic rocks and variably altered dunite and lesser harzburgite. Below $50 mbsf, mafic melts intruded and infiltrated the ultramafic rocks, and experienced syn-deformational hydrothermal alteration to amphibolite. Dunites associated with amphibolite are generally less altered than elsewhere in the core. Amphibole is pseudomorphic after olivine and talc replaces orthopyroxene in ultramafic rocks associated with amphibolite. gabbro, serpentinized peridotite and carbonatecemented breccia with serpentinite clasts. In the upper 30 m oxidation of serpentinite to reddish brown clay, carbonate, and Fe-oxyhydroxide is abundant, especially associated with carbonateclay cemented fault breccias. Below a fault gouge at 55 m the core consists of serpentinized harzburgite with minor dunite, containing assemblages of serpentine + magnetite ± brucite ± iowaite. Iowaite is common and formed from Fe-bearing brucite during late-stage low-temperature oxidizing alteration [Bach et al., 2004a] .
Site 1272

Site 1274
[12] Hole 1274A lies on the western flank of the Mid-Atlantic rift valley, north of the 15°20 0 FZ (Figure 1) , and penetrates 156 m into harzburgites and dunites (Figure 2 ). Rocks from Hole 1274A are the least altered rocks from Leg 209, but nevertheless range from highly altered ($60 vol% secondary minerals) in the upper half of the hole to completely altered (>95% secondary minerals) in the lower half, where abundant fault zones occur. Brucite + serpentine + magnetite characterize alteration of dunite, but brucite is rare in harzburgite. The upper 90 m of the hole has been affected by oxidative seawater alteration, characterized by cm-wide Fe-oxyhydroxide bearing alteration halos along carbonate veins. [14] The troctolites are highly altered to serpentine, magnetite, chlorite, and local talc and amphibole. The gabbroic section is weakly altered and shows no systematic variation with depth or deformation. Gabbroic rocks exhibit variable static alteration at amphibolite to greenschist facies conditions, characterized by formation of green amphibole and chlorite along grain boundaries. Dark green amphibole veins locally cut high-temperature foliation and intrusive contacts. Minor amounts of lower- 
Site 1275
Methods
[15] Samples selected for this study are a subset of those analyzed for bulk rock chemistry by Paulick et al. [2006] , and are representative of rock and alteration types recovered in Leg 209 drill cores. Acid-volatile sulfide (AVS) was extracted in HCl under N 2 atmosphere with SnCl 2 added to prevent oxidation, and pyrite sulfur (CRS) was extracted using the Cr-reduction method [Canfield et al., 1986; Rice et al., 1993] at the University of Michigan. H 2 S evolved from sulfide minerals was precipitated as Ag 2 S and soluble sulfate reduced to H 2 S by reaction with Thode's solution (HI + H 3 PO 2 + HCl). For several samples where sulfide-S from the AVS extraction step was insufficient (<1 mg Ag 2 S), this was combined with the CRS for determination of sulfide-S content and d 34 S. The precipitates were combusted using an elemental analyzer interfaced directly in continuous flow mode to a Micromass Optima mass spectrometer in the U.S. Geological Survey stable isotope laboratory in Denver, CO. Sulfur isotope values are reported as standard d notation relative to CDT where IAEA-S-1 = À0.30 per mil and IAEA-S-2 = 22.67 vs. CDT [Coplen and Krouse, 1998 ], with a precision better than ±0.2%. Replicate extractions and analyses of bulk samples were reproducible within 0.5%. Opaque mineralogy and petrography were determined by reflected light microscopy and by scanning electron microscopy (SEM) using a Zeiss FEG-SEM equipped with energy dispersive X-ray analysis at Universidad de Granada (Spain).
[16] Whole rock powders of peridotites were reacted with BrF 5 using the method of Clayton and Mayeda [1963] at the stable isotope laboratory of Université Laval (Canada). Oxygen isotope ratios were determined by gas source mass spectrometry at the G.G. Hatch Stable Isotope Laboratory of the University of Ottawa and are reported in d-notation relative to V-SMOW where NBS-28 has value of 9.6%, with a precision better than ±0.2%.
[17] In addition, laser fluorination analyses of gabbro bulk rock powders were performed at the isotope laboratory of the University of Göt-tingen (Germany) applying analytical principles first described by Sharp [1990] and Mattey and Macpherson [1993] . Each analysis was made on 1.5 to 2 mg of sample powder by laser heating using a Synrad CO 2 laser in a fluorine gas atmosphere. The liberated O 2 was fixed on a microsieve and then released to an isotope-ratio-GCMS (irm GCMS). This setup consists of a Finnigan-MATDeltaplus gas ratio mass spectrometer, a Hewlett Packard 5890 gas chromatograph, and a Finnigan GC II interface. Duplicate analyses and analyses of in-house reference material (garnet UWG-2 [Valley et al., 1995] ) show that the reproducibility is better than ±0.2%. [Rees et al., 1978] , but recent corrections to the VCDT standard give a revised value of 22.6% [Ding et al., 2001; Davis et al., 2003] . (3) O relative to pristine mantle peridotite (5.5 ± 0.2% [Mattey et al., 1994] [22] Primary mantle sulfide minerals are rare in the highly altered peridotites from Hole 1272A, and typically consist of pentlandite grains, mostly altered to heazlewoodite and mantled by awaruite and magnetite. Tiny (<1 mm) secondary pyrite grains are commonly associated with lizarditechrysotile veins.
Results
Sulfur
Oxygen Isotopes
[23] Primary mantle sulfides are not preserved in Hole 1268A. The initial serpentinization stage resulted in formation of serpentine and magnetite, with common sulfide minerals in the host rock along sulfide-bearing veinlets and gabbroic dikes. Three types of sulfide/oxide veins are present. The first consists of zoned, massive sulfide-oxide veins containing millerite (NiS) partly altered to polydymite (Ni 3 S 4 ), in turn mantled by euhedral pyrite and magnetite, which are altered to goethite (Figure 5c ). This assemblage is also observed in the host rock where millerite is transformed to violarite (FeNi 2 S 4 ) + magnetite + hematite (Figure 5d ). The second vein type comprises pyrite-talc veins (Figure 5e ) that in some cases grade into massive pyrite veins. The third vein type consists of pentlandite + chalcopyrite + pyrite with serpentine. Rocks affected by the later stage talc replacement generally lack sulfide minerals. Earlier vein sulfide minerals in these rocks are altered to Fe-oxides and alteration of pyroxene maintains low pH and high silica activity in solution. At temperatures <250°C, pyroxene reaction is sluggish and olivine reacts rapidly to serpentine + magnetite + brucite. In this case pH increases and silica activity is low. In both cases, once the more rapidly reacting phase is exhausted, interaction of fluid with the residual phase changes fluid pH and silica activity such that brucite or talc react to form serpentine, leading to completely altered rocks that contain serpentine + magnetite, but little or no brucite or talc. Table 1 . Note scale change in Figure 3a at sulfide-S content of 1000 ppm. Fertile mantle (FM) peridotites contain $250 ppm sulfur [Lorand, 1991; Hartmann and Wedepohl, 1992] , and removal of 15-20% basalt melt that contains 1000 ppm sulfur will leave depleted mantle (DM) having 60-120 ppm S. 2007GC001617 [25] At Site 1268, serpentinites underwent a subsequent replacement by talc as the result of silica metasomatism by fluids derived from seawatergabbro interaction or by breakdown of pyroxene deeper in the basement [Bach et al., 2004a; Paulick et al., 2006] . All sites underwent late, low-temperature seafloor alteration to varying degrees, with oxidation of the rocks and formation of carbonate veins [Bach et al., 2004a] . Iowaite also formed during late oxidation in serpentinites at Site 1272.
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Oxygen Isotopes
[26] The bulk rock oxygen isotope data are used here to provide constraints on the temperatures of alteration and serpentinization. The serpentinites are highly recrystallized and reasonable assumptions can be made about fluid-rock isotope fractionation, but fluid compositions can vary, so this effect is also discussed. A convenient approach is to use the water-rock interaction calculations of Taylor [1977] . The water/rock ratio is given by the following formula:
where (W/R) A is the atomic water/rock ratio, Figure 6 shows examples of these calculations assuming the initial fluid is seawater (0%), initial peridotite has the composition of pristine mantle (5.5% [Mattey et al., 1994] ), and that the oxygen isotope fractionation between bulk rock and fluid is equivalent to the temperature dependent fractionation between serpentine and water given by P. J. Saccocia et al. (Oxygen and hydrogen isotope fractionation in the serpentine-water and talc-water systems from 250°t o 450°C, manuscript in preparation, 2007; hereinafter referred to as Saccocia et al., manuscript in preparation, 2007 ) (see Figure 6 ). Besides serpentine, the rocks also contain magnetite, brucite and talc, but the presence of small amounts of these phases does not significantly change the results of the water/rock ratio calculations. 18 O $3-5% at water/rock ratios of $1 (Figure 7) . The presence of relict olivine and orthorpyroxene at Site 1270 and in Hole 1274A, along with the presence of early formed talc and brucite, suggest low water/rock ratios at these sites [Bach et al., 2004a] . [31] Thus petrographic constraints given above discriminate peridotite alteration reactions at temperatures above $350°C from those occurring below $250°C, and oxygen isotope data help separate peridotite alteration into reactions occurring at temperatures above 200°C and those below 200°C, down to less than 100°C. Late carbonate veins formed at seafloor alteration temperatures of $10°C [Bach et al., 2004b] . The mineralogy and oxygen isotope compositions of gabbros indicate that, although low temperature alteration effects may be present, the rocks dominantly reflect alteration at temperatures above $200°C. These criteria provide a useful framework for interpretation of the sulfur data and for understanding processes of alteration affecting the upper mantle and lower crustal rocks from the 15°20 0 N area.
Low-Temperature Reactions in
Holes 1272A and 1274A
[32] As discussed above, the consistent bulk rock 18 O-enrichments of serpentinite in Hole 1272A (Figures 2 and 4) [Ding et al., 2001; Rees et al., 1978] ). At temperatures of 50-150°C, the equilibrium fractionation between sulfate and sulfide in solution should be $40 -60% [Ohmoto and Goldhaber, 1997] , whereas that between sulfate and sulfide in the Hole 1272A rocks is only $1-36% (Table 1 ; Figure 8 ). The higher values could possibly reflect equilibrium, but the origin of the low d
34
S values of the sulfate (2-10%) still require explanation. In the past such low d 34 S values of bulk rock sulfate have been attributed to oxidation of low-d 34 S sulfide minerals in the rocks and mixing of this with seawater sulfate, present in pore fluids or as a sulfate mineral [e.g., Shanks, 1998, 2003 ]. We favor this interpretation for the Leg 209 rocks as well. The local presence of iron oxyhydroxides in Leg 209 rocks is consistent with oxidation occurring near the seafloor, but oxidation could also have taken place during storage of rock samples or sample powders. Assuming that the low d
34 S values of sulfate result from oxidation of sulfide minerals in the rocks, the sulfide contents can be corrected for this by mass balance, yielding higher sulfide-S contents of $500-3000 ppm.
[33] At the low temperatures of peridotite alteration in Hole 1272A, inorganic reduction of sulfate is kinetically inhibited, and the high pH during serpentinization further inhibits inorganic sulfate reduction [Ohmoto and Lasaga, 1982; Chiba and Sakai, 1985; Ohmoto and Goldhaber, 1997] . Hydrogen produced by serpentinization is a potential reductant for sulfate, but experiments using H 2 did not produce measurable reduction of sulfate at b Alteration of peridotites based on X-ray diffraction (University of Bonn). Abundance of mineral phases estimated on the basis of relative peak heights: major/minor/trace. Alteration of gabbroic rocks given as major secondary phases/vein type based on thin section petrography. temperatures below 275°C [Malinin and Khitarov, 1969] . Ohmoto and Goldhaber [1997] , however, cite experiments suggesting that sulfate reduction by H 2 may occur at $200°C if catalyzed by surface reactions. This suggests the possibility that sulfate reduction by H 2 at relatively low temperatures may be catalyzed by metal alloys in serpentinized peridotites. Although awaruite is present in Hole 1272A, metal alloys are extremely rare in serpentinite at the Iberian Margin, the one site where the effects of low-temperature sulfate reduction during serpentinization are well documented [Alt and Shanks, 1998 ]. This suggests that if such reactions were important at that site, they must have occurred early at low water/rock ratios. Thus, in the absence of any convincing evidence that inorganic reduction of sulfate is likely at these low temperatures, we interpret the elevated sulfide-S contents and negative d 34 S sulfide values of the serpentinites from Hole 1272A to result from addition of sulfide produced by microbial reduction of seawater sulfate. Although the net fractionation produced by microbial sulfate reduction varies depending on such factors as temperature, the specific rate of reduction, the electron donor, the concentration of sulfate, and the amount of disproportionation and oxidation of intermediate sulfur species, the bulk rock sulfide d 34 S values for Hole 1272A are similar to those for biogenic sedimentary pyrite [Canfield, 2002] .
Geochemistry Geophysics
[34] Serpentinization produces hydrogen via oxidation of ferrous iron to magnetite [e.g., Moody, 1976; Frost, 1985] (see discussions by Alt and Figure 6 . Examples of the effects of seawater interaction with peridotite on the oxygen isotope compositions of (a) rock and (b) fluid, using the water/rock calculations of Taylor [1977] . Altered rocks are enriched in 18 O at temperatures <200°C and depleted in 18 O at higher temperatures. See text for formula details and discussion. Initial fluid d
18 O = 0%, initial peridotite d 18 O = 5.5%, and peridotite-water isotope fractionation assumed equal to that of serpentine-water experimentally determined at 250 -450°C by Saccocia et al. (manuscript in preparation, 2007) : 1000lna = 3.49 Â 10 6 T À2 À9.48. W/R A is atomic water/rock ratio for a closed system and is twice that of the water/rock mass ratio. d Shanks [1998] and ). Hydrogen is the principal electron donor in anoxic and carbon-starved environments [Jannasch, 1995] and is the most likely electron donor for sulfate reduction in the serpentinites. Much of the sulfide added to the rocks may reside in the fine (submicrometer) pyrite and valleriite along serpentine veins.
[35] The 18 O enrichments of serpentinites in Hole 1274A occur in the upper half of the hole (Figure 2 , Table 2 ) and suggest alteration by seawater at relatively low (less than $150°C) temperatures. This is consistent with the mineralogy of the rocks, where replacement of olivine by lizardite and brucite (±magnetite) and the presence of fresh clinopyroxene within completely serpentinized olivine indicate relatively low temperatures of serpentinization (<200-250°C [Bach et al., 2004a] ). The upper 90 m of the core is also affected by late, low-temperature alteration and formation of Fe-oxyhydroxides and carbonates, and further silicate alteration under these conditions could contribute to the bulk rock result from oxidation of sulfide minerals in the rocks, then corrected sulfide-S contents are $310-860 ppm, enriched relative to depleted peridotite ($100 ppm). Only two samples contained sufficient sulfide-S for isotope analysis, but these have negative values, as low as À7.5% (Table 1) . These negative d
34 S values, the recalculated high sulfide-S contents, and the low temperatures of serpentinization all indicate that microbial sulfate reduction was important at this site. Although early alteration may have occurred at temperatures too high to support life, the oxygen and sulfur isotope compositions of the rocks reflect the effects of lower-temperature alteration and microbial sulfate reduction. show that magnetite formation in Leg 209 serpentinites is relatively late. Thus much of the hydrogen production through formation of magnetite occurred relatively late, possibly at lower temperatures conducive to biological activity. As in Hole 1272A, much of the low d 34 S sulfide may reside in the very fine-grained disseminated pyrite.
High-Temperature Reactions in Hole 1268A
[36] The characteristic bulk rock 18 O-depletions in Hole 1268A (Figures 2 and 4) indicate that alteration took place at generally high temperatures, in the range of 200°C-400°C. Because of the difference in mineral-water oxygen isotope fractionation, talc-rich rocks from Hole 1268A have slightly higher d 18 O than serpentine-rich rocks (mostly 4.6-5.9% versus 2.6-4.4%, respectively; Figure 2 , Table 2 ), but estimates of temperatures and fluid S and O isotope compositions are similar. Serpentinized peridotites from Hole 1268A are enriched in LREE and have positive Eu anomalies . The similarity of the REE patterns of the serpentinites to those of hightemperature ($350°C) hydrothermal fluids venting from peridotite outcrops on the MAR suggested to these authors that the peridotites were altered by similar hydrothermal fluids, consistent with the temperature estimates from oxygen isotopes.
[37] Total sulfur contents of rocks from Hole 1268A in Table 1 are high (0.1-1.4 wt%), consistent with previously reported S contents (0.1-2.1 wt% S values are consistent with alteration by upwelling hydrothermal fluids. These results are similar to those for serpentinized peridotites from the MARK area [Alt and Shanks, 2003 ], where geochemical modeling shows that the high sulfide-S contents and elevated d 34 S values of the rocks cannot be acquired by reaction of peridotite with seawater, and could only be acquired through a 2-stage alteration process. Initially, seawater reacted with gabbro at elevated temperatures (>350°C) where sulfide minerals are unstable and sulfide is leached from the rocks. In addition, seawater sulfate is reduced to sulfide, producing a sulfide-bearing, high-d 34 S hydrothermal fluid. This fluid then reacted with peridotite at lower temperatures (<350°C), precipitating sulfide minerals in the rocks and resulting in the strong S-and 34 S-enrichments of the serpentinites. Prior reaction of seawater with gabbro is required because prior reaction with peridotite does not produce sufficient sulfur metasomatism and leaves significant ($25 wt%) olivine in the metasomatized serpentinite, in contrast to the observed near-complete alteration [Alt and Shanks, 2003] . Sulfur and oxygen isotope data, bulk rock chemistry, and mineralogy all indicate that similar processes occurred at Site 1268 (Tables 2 and 3 ) [Bach et al., 2004a; Paulick et al., 2006] .
[38] Talc alteration is superimposed on serpentinization in Hole 1268A as the result of silica metasomatism by hydrothermal fluids. Consequently, the rocks gained SiO 2 and REE, and lost H 2 O as talc replaced serpentine [Bach et al., 2004a; . Talc alteration also resulted in a slight increase in d
18 O of the rocks (Table 2 ). The 2 talcaltered peridotites from Hole 1268A in Table 1 have total S contents lower than the 5 serpentinites, suggesting loss of sulfur during talc alteration. This [Canfield, 2002] ). Closed-system sulfate reduction can lead to elevated d [Alt and Shanks, 1998 ]. Depending upon isotope fractionation and openness of the system to seawater, pathways for addition of seawaterderived sulfide to the rocks can lie between the open and closed end-members. Data from Table 1 and Shanks [1998, 2003] . Sulfide in gabbros from Site 1275 mainly reflects magmatic variations in sulfur content with little variation in isotope composition. is supported by data from Paulick et al. [2006] : 12 talc altered peridotites from Hole 1268A contain an average of 0.34 wt% total S (±0.27; range = 0.10-0.88 wt%), whereas 25 serpentinites average 0.59% S (±0.51; range = 0.12-2.09 wt%). The sulfide mineralogy indicates a change from sulfide formation during serpentinization to oxidation of sulfides during talc alteration as the reducing capacity of the system is exhausted . The source of the silica bearing fluid has been suggested to be underlying gabbros and/or harzburgite undergoing hydrothermal alteration at temperatures >350°C, where pyroxene in harzburgite breaks down leading to higher Si activity in solution [Bach et al., 2004a; Paulick et al., 2006] .
[39] Local bulk rock 18 O-enrichments in Hole 1268A (up to 12.1%) result from low-temperature (<150°C) alteration. This is consistent with the local presence in the cores of iron oxyhydroxides and carbonates, both products of late, low-temperature alteration at temperatures down to $2-15°C [Bach et al., 2004a [Bach et al., , 2004b Figure 2 ). These data suggest that, although high-temperature hydrothermal processes dominate in Hole 1268A, microbial reduction of seawater sulfate occurred after the basement cooled to low temperatures.
[40] As discussed above for Hole 1272A, the low d 34 S values of sulfate are generally interpreted to reflect a mixture of seawater sulfate with sulfate derived from oxidation of low d 34 S sulfide minerals in the rocks [e.g., Shanks, 1998, 2003] . Sulfate in Hole 1268A, however, has d 34 S values that are lower than coexisting sulfide-S in the rocks (Figures 2 and 8) . One possibility is that this results from a kinetic isotope fractionation during oxidation of sulfide minerals. Depending on the oxidation mechanism, kinetic fractionation can occur if dissolved sulfide, intermediate sulfoxyanions, or some Thiobacillus species are present [Toran and Harris, 1989; Ohmoto and Goldhaber, 1997] . Another possibility is that a sulfide component having even lower d 34 S values, like those of the 2 vein pyrites, was oxidized. There could be a sulfide component derived from microbially reduced seawater sulfate in the rocks that is more readily oxidized than the hydrothermal sulfide minerals. The microbially produced sulfide minerals may be finer grained and hence more reactive and susceptible to oxidation. Similar effects are observed in one sample from Site 1271 and three samples from Site 1275 (Figure 8 , Table 1 ). Both cases suggest the possibility that microbial activity may be involved, either in sulfate reduction or sulfide oxidation.
Sites 1270 and 1271
[41] Serpentinites from shallow (<60 m) holes at Site 1270 exhibit consistent bulk rock 18 O-depletions, suggesting serpentinization by seawater-derived fluids at temperatures greater than $200°C, and consistent with the occurrence of talc and tremolite, which indicate higher temperature alteration (>350°C [Bach et al., 2004a] ). The mineralogy and 18 O-depletions of gabbroic rocks from Hole 1270B also indicate alteration at temperatures above $200°C. Only two serpentinite samples from Site 1270 were analyzed for S contents, and both have very low sulfide-S contents (Table 1) . These samples are from depths <24 mbsf, and the low S contents reflect oxidation of sulfide minerals and loss of S from the rocks during late, lowtemperature alteration near the seafloor, as evidenced by the presence of Fe-oxyhydroxides.
[42] No oxygen isotope data are available for Site 1271, but the sulfur data provide some constraints on alteration processes. Two samples from the shallow portion of Hole 1271A (<30 m) contain no detectable sulfide-S (Table 1) . These cores were affected by low temperature seafloor alteration and oxidation, which resulted in oxidation of sulfide minerals and loss of sulfur from the rocks.
[43] In contrast, two samples from >60 m in Hole 1271B have relatively high sulfide-S contents and elevated d 34 S values (up to $500 ppm and 3.3-4.0%; Table 1 ). These data suggest addition of hydrothermal sulfide to the rocks, similar to processes affecting rocks in Hole 1268A. In addition, peridotites in this portion of the hole are characterized by impregnation and infiltration by mafic melts that experienced syn-deformational hydrothermal alteration to amphibolite, and peridotites associated with these ampibolites contain amphibole and talc, consistent with high-temperature (>350°C) alteration. The sulfur data suggest that amphibolitizing or later hydrothermal fluids contained hydrothermal sulfide similar to that in Hole 1268A, consisting of sulfide derived from leaching of gabbro or peridotite at high temperature ($0%) mixed with sulfide derived from inorganic reduction of seawater sulfate ($22%) at high temperatures, similar to the hydrothermal fluids that affected Hole 1268A. Figures 2 and 3) , which scatter about the mantle value (0%), and the mean value (0.1% ± 0.9%) is indistinguishable from mantle sulfide. Thus, despite alteration over a range of conditions from amphibolite and greenschist grades to low-temperatures and recrystallization of igneous sulfide minerals, the sulfide-sulfur in these rocks is primary. The lack of significant alteration effects on sulfur in the rocks may be attributed to low water/rock ratios for each alter- Figure 8 ). As discussed for Hole 1268A, this may reflect a kinetic isotope fractionation during oxidation of sulfide minerals, or oxidation of a low-d 34 S sulfide component produced by microbial activity. Conditions were appropriate as indicated by the common evidence for late water-rock interactions at lowtemperatures. Basaltic oceanic basement has been shown to harbor microbial activity [Furnes and Staudigel, 1999] , including sulfate reducing organisms ], but the sulfate data presented here suggest that gabbroic basement may also support microbial activity where conditions are conducive.
Summary and Conclusions
[46] Sulfur and oxygen isotope data for serpentinized and talc-altered peridotites and for altered gabbroic rocks from the area of the 15°20 0 N Fracture Zone on the MAR provide information about hydrothermal alteration processes, fluid compositions, and the presence of a subsurface biosphere in oceanic basement. Three general processes are identified and shown schematically in Figure 9 . These include (1) high-temperature hydrothermal alteration with addition of high-d 34 S sulfide to the rocks; (2) low-temperature (<150°C) alteration supporting microbial sulfate reduction and addition of low-d 34 S sulfide to the rocks; and (3) low-temperature seafloor alteration reactions leading to oxidation and loss of sulfide-sulfur from the rocks.
[47] Serpentinized peridotites from Hole 1268A are characterized by 18 O depletions (2.6-4.4%) resulting from high-temperature ($250-350°C) hydrothermal processes. Serpentinization resulted in formation of pyrite in rocks and veins, and elevated whole rock sulfide-S contents and d 34 S values (up to $2 wt% and 4.4-10.8%). Fluids were derived from high-temperature (>350°C) reaction of seawater with gabbro at depth. Subsequent silica metasomatism resulting in talc alteration of serpentinized peridotite produced slight bulk rock 18 O enrichments (mostly 4.6-5.9%). Similar hydrothermal processes produced elevated sulfide-S contents and d
34
S values locally at Site 1271.
[48] Elevated d
18
O values for rocks from Holes 1272A and 1274A (up to 8.1%) result from lowtemperature (<150°C) serpentinization reactions. These supported microbial activity, most likely through generation of hydrogen during serpentinization. Microbial reduction of seawater sulfate resulted in addition of low-d 34 S sulfide to rocks, producing elevated sulfide-S contents, up to $3000 ppm, and negative d 34 S values, down to À32.1%. This process also occurred locally at other sites, as evidenced by negative d 34 S of some vein pyrites from Hole 1268A.
[49] Serpentinites from Site 1270 are depleted in 18 O reflecting high-temperature serpentinization reactions, but sulfide-S contents are low as the result of late oxidation and sulfur loss near the seafloor.
[50] Gabbroic rocks and troctolites from Site 1275 are significantly altered over a wide range of conditions, yet d S than associated sulfide-S may reflect a kinetic isotope effect during oxidation of sulfide minerals, or could result from oxidation of a sulfide phase(s) having very low (negative) d 34 S produced by microbial sulfate reduction at low temperatures.
[52] The processes of serpentinization around the 15°20 0 Fracture Zone documented in this work are generally similar to those described elsewhere, leading to some generalizations about controls on serpentinization processes. First, the Leg 209 peridotite sections affected by higher temperature alteration, as indicated by whole rock 18 O-depletions, contain gabbroic rocks or impregnations by mafic melts (Sites 1268 (Sites , 1270 (Sites , and 1271 . Similar associations of gabbroic rocks and high-temperature serpentinization occur at the MARK area. The involvement of gabbros in generating serpentinizing fluids appears to be a common process, and the association of gabbroic material and high temperature serpentinization suggests that heat from mafic melts may commonly be important in serpentinization. Second, the Leg 209 drill holes are all sited on fault surfaces, but lower temperature alteration of peridotites occurs in those sections that penetrate faults at depth (tectonic mega-breccia and fault in Hole 1272A, faults in Hole 1274A). A similar association of faulting and low-temperature serpentinization occurs at the Iberian Margin, where drilling of exposed mantle penetrated a tectonic mega-breccia. These associations suggest that faulting not only leads to unroofing and exposure of mantle material but also that faulting contributes to significant cooling and affects the style of serpentinization. Such low-temperature serpentinization (<150°C) supports microbial reduction of seawater sulfate, and this is a common process in mantle exposed at the seafloor. Finally, low temperature oxidation effects are mainly related to late fracturing and proximity to the seafloor.
